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Abstract 
In the field, plants are exposed to fluctuating light, where photosynthesis 
occurs under conditions far from a steady state.  Excess energy dissipation associated 
with energy quenching of chlorophyll fluorescence (qE) functions as an efficient 
photo-protection mechanism in photosystem II.  PsbS is an important regulator of qE, 
especially for the induction phase of qE.  Beside the regulatory energy dissipation, some 
part of energy is lost through relaxation of excited chlorophyll molecules. To date, several 
models to quantify energy loss through these dissipative pathways in PSII have been 
proposed.  In this short review, we compare and evaluate these models for PSII energy 
allocation when they are applied to non-steady state photosynthesis.  As a case study, an 
investigation on energy allocation to qE-associated dissipation at PSII under non-steady 
state photosynthesis using PsbS-deficient rice transformants is introduced. Diurnal and 
seasonal changes in PSII energy allocation in rice under natural light are also presented. 
Future perspective of studies on PSII energy allocation is discussed. 
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 Abbreviations: α, the distribution ratio of PAR to PSII: ETR, electron transport rate, 
Fm (Fm’), maximum fluorescence obtained by a saturating light pulse at predawn (or 
during daytime under light); Fo (Fo’), minimum fluorescence obtained under the 
measuring light in the dark (or under light); Ft, steady-state fluorescence under light; ΦA, 
quantum yield of energy that is inevitably dissipated in antenna during the course of 
energy transfer among chlorophyll molecules in PSII: ΦD, quantum yield of heat 
dissipation in PSII antenna: ΦD, quantum yield of excess energy dissipated in PSII core: 
Φf,D, quantum yield of basic dissipation in PSII;  ΦNPQ, quantum yield of light inducible 
regulatory dissipation; ΦPsbS, a part of ΦNPQ induced by PsbS: ΦqU, a part of ΦNPQ which 
could be induced in the absence of PsbS: ΦII , quantum yield of electron transport in 
PSII; NPQ, non-photochemical quenching of chlorophyll fluorescence; “NPQ”, 
traditional parameter of NPQ defined as (Fm-Fm’/Fm’; PAR, photosynthetically active 
radiation: PSI, photosystem I: PSII, photosystem II; qE, energy quenching: qI, a part of 
NPQ ascribed to photoinhibition: qT, a part of NPQ ascribed to state transition 
 
Highlights 
- Two models for energy allocation in PSII are compared and evaluated.  
- Energy allocation to qE-associated dissipation under non-steady state photosynthesis 
using PsbS-deficient rice transformants is shown.  




In photosystem II (PSII), under high light, only some of the absorbed light 
energy is used for photosynthetic electron transport, and a large portion of the energy is 
lost through regulatory thermal dissipation, which can be monitored as 
non-photochemical quenching [1,2], based on a quenching analysis of chlorophyll 
fluorescence [3]. The advantages of use of the quenching analysis for various aspects of 
photosynthesis studies had been reviewed in [4-6].  Thermal dissipation associated 
with non-photochemical quenching has been shown to be an essential photo-protective 
mechanism of PSII [for review see 4, 7-10].  However, it is not yet clear how much of 
the light energy absorbed in PSII is dissipated through this mechanism, since the 
original parameters for non-photochemical quenching, such as “NPQ” = (Fm-Fm’)/Fm’ 
[11], are not based on the quantum yield, and thus they cannot be compared 
quantitatively with the quantum yield of electron transport expressed as ΦII = 
(Fm’-Ft)/Fm’ [12].  Therefore, attempts have been made to simulate the dissipation 
associated with non-photochemical quenching on the basis of quantum yield.  The first 
of these attempts was reported by Demmig-Adams et al. [13], and was based on the 
puddle model of energy transfer, in which the light energy absorbed in antennae 
chlorophyll is always transferred to the same reaction centers.  Later, new simulations 
based on the lake model of energy transfer, in which the excitation energy of 
chlorophylls can be exchanged among reaction centers, were proposed independently by 
Kramer et al. [14] and Hendrickson et al. [15]. 
 Although these models for energy allocation in PSII seem to be good tools 
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for better understanding environmental adaptation in photosynthesis [16-18], there have 
been few field studies under naturally fluctuating light using these models [19]. 
In this review, we compare Demmig-Adams model and Hendrickson model 
using the same data set of chlorophyll fluorescence in PsbS-deficient transformants of 
rice. We also introduce an example of application of Hendrickson model to monitor 
diurnal and seasonal changes in energy allocation in PSII in field-grown rice.   
 
 
2. Models for energy allocation in PSII 
 Absorbed light energy in PSII is allocated to either electron transport or other 
dissipative processes (Fig. 1, left panel).  Since the quantum yield of energy allocation 
to electron transport ΦII (= (Fm’-Ft)/Fm’) was first proposed by Genty et al. [12], it has 
become widely accepted in physiological studies. In contrast, there is no clear 
consensus regarding the fate of the remaining absorbed light energy (1-ΦII).  However, 
it can be said that the absorbed light energy that is not used for the electron transport is 
considered as energy loss that is dissipated mainly as heat.  
In a simple simulation, the amount of absorbed light is linearly correlated 
with the intensity of illuminated light that is commonly expressed as photosynthetically 
active radiation (PAR) (Fig. 1 right panel).  Absorbed light energy in PSII is generally 
given as PAR x α, where α is the distribution ratio of PAR to PSII. When the ratio of 
energy lost by reflection and transmission is assumed to be 0.16, and the absorbed light 
energy is assumed to be equally distributed between PSII and PSI, α is 0.42 [20, 21], 
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the energy flux to electron transport is calculated as ΦII x PAR x α.  Similarly, the flux 
of energy dissipation is calculated as (1 - ΦII) x PAR x α.  Under high light conditions, 
when the energy flux of electron transport is saturated, the energy flux of dissipation is 
the main path of energy flow.  
Demmig-Adams et al. [13] described for the first time an energy allocation 
model for the portion of energy that is not used for electron transport, i.e. 1- ΦII.  They 
used a traditional puddle model to separate total dissipation into two parts: energy that 
is dissipated in antenna, Dissipation (D) (= Fo’/Fm’), and energy that reaches the 
reaction center but is not used for electron transport, Excess (E) (= (Ft-Fo’)/Fm’).  In 
this review we express D as ΦD and E as ΦE to clarify that both parameters represent the 
quantum yields of the corresponding dissipation, which can be compared with ΦII on 
the same unit basis.  
Kramer et al. [14] and Hendrickson et al. [15] presented new models for 
energy allocation in PSII using a lake model of energy transfer. These models 
categorize total dissipation (1- ΦII) according to its origin, i.e., the basal intrinsic 
non-radiative decay of excited chlorophyll (ΦNO in the Kramer model or Φf,D in the 
Hendrickson model) and light-dependent regulative dissipation (ΦNPQ), including the 
energy dissipation that is associated with the xanthophyll cycle qE.  The two models 
are not identical, but give very similar results.  Kasajima et al. [22] showed that both 
models are different expressions of the same model. The model of Hendrickson et al. 
seems to be more practical for measurements under natural light, since this model did 
not require the measurement of Fo’, which is difficult to be measured , especially under 
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field conditions; in this model, Φf,D is calculated as Ft/Fm and ΦNPQ as 1-(ΦII +Φf,D).   
  
3. Energy allocation at PSII in PsbS-deficient rice under semi-steady state 
conditions 
Energy dissipation associated with non-photochemical quenching can be 
further divided into subcategories because non-photochemical quenching has been 
assumed to be induced by at least three independent factors: qE (energy quenching), qT 
(non-photochemical quenching associated with a state transition) and qI 
(non-photochemical quenching associated with photoinhibition), as deduced from three 
phasic relaxation kinetics in the dark [23-25], although molecular basis for qT and qI 
has not been clear. The most well-studied mechanism is qE, which depends on the 
presence of the PsbS polypeptide [26], and is associated with the xanthophyll cycle [27]. 
Dissipation associated with qE is considered to be an important regulatory process for 
photoprotection of PSII because it is triggered by the light-induced generation of a pH 
gradient across thylakoid membranes [for review see 4, 8].  Extensive studies have 
shown that PsbS and the xanthophyll cycle are especially important for the induction 
phase of qE under a dark-light transition, while under steady-state photosynthesis, qE is 
maintained without PsbS or the xanthophyll cycle [10, 28-35]  
In a study with rice transformants, in which psbS genes were silenced by 
RNAi, Ishida et al. applied these models for energy allocation in PSII to quantify 
PsbS-dependent energy dissipation [36].  They first compared energy allocation 
calculated with both models in wild type and PsbS-deficient lines in a semi-steady state 
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under illumination with fixed light intensities. In the following paragraphs, their results 
were summarized. 
  In the Demmig-Adams model, the deficiency in PsbSs resulted in a 
decrease in ΦD and an increase in ΦE, while ΦII did not change.  Therefore, energy 
dissipated by a PsbS-dependent process was categorized as dissipation in antenna (ΦD).  
Without PsbS, ΦD was constant over a wide range of light intensities. This 
light-independent portion of ΦD was designated ΦA, which might represent energy that 
is inevitably dissipated in antenna during the course of energy transfer among 
chlorophyll molecules.  The decrease in ΦD in PsbS-deficient lines increased energy 
input to PSII centers, which, however, was not used for electron transport but rather 
increased energy dissipation in or around PSII centers (ΦE).  
Using the same data set of chlorophyll fluorescence, Ishida et al. re-calculated 
energy allocation in PSII by the model of Hendrickson et al. In the Hendrickson model, 
the deficiency of PsbS resulted in a decrease in ΦNPQ and an increase in Φf,D.  
Therefore, PsbS-dependent dissipation was categorized as light-inducible energy 
dissipation (ΦNPQ).  No change was found in ΦII, as in the Demmig-Adams model 
above.  The enhanced flow of energy that was not used for electron transport or 
dissipated with light-inducible mechanisms stimulated energy discharge as the basal 
decay of excited chlorophyll molecules.  
The energy allocation calculated for both models under saturating light shown 
in [36] is summarized in Table 1. The data shown here represent energy flow in the 
induction phase at the dark-light transition.  Under steady-state conditions, Φf,D and 
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ΦNPQ in PsbS-deficient lines were much closer to those in the wild type lines 
(unpublished data).  In this table, ΦPsbS is defined as ΦNPQ -associated dissipation 
induced by PsbS, and ΦqU represents the remaining ΦNPQ -associated dissipation, which 
could be induced in the absence of PsbS.  The former was comprised mainly of rapidly 
forming qE and the latter was probably comprised of dissipation associated with slowly 
forming qE [31, 37-39] and that associated with photoinhibition (see below).  
There was a considerable difference between the two models regarding the 
values that represented the PsbS- dependent portion of dissipation (ΦPsbS). The low ΦPsbS 
in the Demmig-Adams model might be due to the underestimation of ΦD; in this study, 
ΦD was calculated by using theoretically calculated Fo’ according to Oxborough and 
Baker [40], however, it is generally known that illumination with high light is likely to 
increase the Fo’ value [41].  Therefore, the true Fo’ might be higher than the calculated 
value, and as a consequence ΦD calculated as Fo’/Fm’ could be an underestimation. 
When the new parameters of energy dissipation ΦNPQ are compared with the 
traditional parameter “NPQ” (= (Fm-Fm’)/Fm’), there is not a correlation between the 
two parameters which can be expressed by a simple equation even when Fo and Fm 
values are known. In contrast, Ishida et al. [36] showed that ΦD is closely associated with 
“NPQ” (=(Fm-Fm’/Fm’), if the Fo’ value is calculated according to [40]: 
“NPQ” = (Fm-Fo)/Fo x ΦD /(1- ΦD) - 1  
Therefore, when the energy dissipation associated with the traditional parameter “NPQ” 
(= (Fm-Fm’)/Fm’) is incorporated into the quantification model of energy allocation, ΦD 
can be a better parameter than ΦNPQ.  In this sense, the term “ΦNPQ" is rather confusing. 
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 Although photoinhibition of PSII is not a main topic of this review, it is 
interesting to consider how we can incorporate photoinhibition-associated dissipation in 
the energy allocation models at PSII.  In the Demmig-Adams model, the intrinsic 
association of ΦD and “NPQ” (= (Fm-Fm’)/Fm’) shown above indicated that 
photoinhibition-associated dissipation was included in ΦD, since photoinhibition is a 
factor that induced “NPQ” (= (Fm-Fm’)/Fm’). We can divide total ΦD into qE and qI 
based on recovery kinetics in the dark of “NPQ” (= (Fm-Fm’)/Fm’).  In the Hendrickson 
model, it is not clear whether photoinhibition-associated dissipation should be 
categorized as ΦNPQ or Φf,D.  Kasajima et al. [22] allocated photoinhibition-associated 
dissipation as ΦNPQ, based on the dark recovery kinetics of “NPQ” (= (Fm-Fm’)/Fm’).  
However, this simulation is valid only when dissipation associated with photoinhibition 
is categorized predominantly as ΦNPQ.  At present we cannot integrate energy loss 
associated with photoinhibtion into Hendrickson model properly. 
 
4. Energy allocation at PSII in rice grown under field light conditions 
Although the new models for energy allocation in PSII seem to be a good tool 
for deeper understanding of environmental adaptation of photosynthesis, field studies 
using these models are limited. Demmig-Adams et al. examined diurnal changes in 
energy allocation in PSII, showing considerable differences between species and also 
between sun and shade conditions within a same species [13]. Most of recent studies in 
fields have used the lake models. One of excellent examples has been shown by 
Locsciale et al. [42], in which they integrated gas exchange analysis with PSII energy 
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allocation model. 
Ishida et al. tried to quantify diurnal energy usage and dissipation in PSII in 
field-grown rice using Hendrickson’s lake model, where absorbed light energy in PSII 
was allocated to either electron transport ΦII, basal dissipation Φf,D or regulative 
dissipation ΦNPQ [43]. In the following paragraphs, we summarize the data described in 
[43].  
The diurnal changes in energy allocation in PSII were estimated in rice plants 
cultivated in Kyoto, Japan, from July to September, which corresponds to the rapidly 
growing period and ripening period. The integrated energy flow in PSII over an entire 
day and its seasonal (developmental) changes were analyzed quantitatively.  From 
predawn to after sunset, Ft was measured under ambient light in the field, and Fm’ 
induced by a saturating light pulse was measured every 5 min.  For this measurement, 
a monitoring PAM fluorometer designed for field use [44] was employed.   
Significant fluctuations of PAR occurred within a day. ΦII responded very 
rapidly to the sudden fluctuation of PAR, and this change in ΦII was accompanied by an 
inverse change in ΦNPQ.  In contrast, Φf,D did not fluctuate.  
Upright (vertical) leaves received more sunlight in the ripening phase 
(September) than in the growing phase (July and August), since the altitude of the sun at 
noon in Kyoto decreased from 75º to 55º, but a large portion of the absorbed light 
energy seems to be dissipated as heat via an NPQ-associated mechanism.  Further 
analysis indicated that energy flux to electron transport was saturated under a lower 
light intensity in September than in July-August, and that the saturating energy flux of 
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the electron flow was also lower in September.  As a result, the integrated daily flux of 
electron transport was smaller in September, even though the integrated light energy 
absorption in PSII was higher (Fig. 2, calculated from the data set in [43]).  
When crop photosynthesis is considered, it had been simulated that upright 
leaves accept a lower intensity of light, but the leaf area that can accept direct sunlight is 
greater when the sun is high above the horizon, [45], as in the case of upright leaves in 
July-August presented here. Under this low light in July-August, the efficiency of 
energy usage (ΦII) is greater than under saturating light in September, where a large 
portion of the absorbed energy is lost by heat dissipation. As a consequence, it can be 
concluded from the energy allocation data described in Fig. 2 that efficient 
photosynthesis under non-saturating light is dominant in July-August, while that 
wasteful photosynthesis under saturating light is dominant in September.  Therefore, 
even from the limited data based on a single-point measurement adopted in this study, 
we can assume that “non-light saturated photosynthesis” in the growing phase results in 
the efficient use of light energy, which might maximize total flux to photosynthetic 
electron transport in the whole plant.  This is in accordance with an old theoretical 
simulation, in which upright leaves could show a maximum rate of canopy 
photosynthesis when the angle of incidence is small [46]. 
 
5. Why is Φf,D constant? 
 Dissipation associated with ΦNPQ functions as if to minimize Φf,D with 
changes in ΦII over the short term, diurnally, and seasonally. It has been reported that, 
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under steady-state photosynthesis in plants, Φf,D remains at a minimum value regardless 
of the light intensity [14,15,36]. Interestingly, Φf,D also remained at a constant low level 
in the field study [43], in which PAR fluctuated rapidly, and thus photosynthesis was far 
from a steady state. 
In contrast, Φf,D can transiently increase when dark-adapted leaves are 
illuminated (data not shown). In addition, high Φf,D has often been observed in 
photosynthetic mutants; Φf,D in the dark or under low light was high in some high-Fo 
mutants with impaired PSII [47-50], and a light-induced increase in Φf,D was found in 
PsbS-defective mutants [36]. Does the constantly low Φf,D have any physiological 
relevance?  In most cases, a high Φf,D might be associated with abnormal PSII or 
photoinhibited PSII. The origin of Φf,D has been suggested to be the constitutive 
deactivation of excited chlorophyll through thermal and radiative dissipation [14, 15].  
Probably, a main fraction of Φf,D might be associated with a harmful deactivation 
pathway that leads to the generation of active oxygen species such as singlet oxygen. In 
this sense, constantly low Φf,D might be beneficial for plant wholesomeness, and the 




We show here that energy allocation models at PSII can be powerful tools for 
understanding the physiological relevance of regulatory mechanisms in PSII.  However, 
the molecular significance of each quantum yield parameter is still unclear.  In the 
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Demmig-Adams model, the terms “antenna” and “core” are used without a clear 
definition, and therefore the molecular basis that induce ΦD and ΦE is not clear.  In the 
Kramer and Hendrickson models, while the theoretical basis for ΦNPQ and Φf,D seems to 
be clearer, the molecular basis for Φf,D and ΦNPQ is still not clear.  For example, the 
parameter ΦNPQ is not intrinsically associated with the traditional parameter “NPQ” 
(=(Fm-Fm’)/Fm’), especially in non-steady state photosynthesis.  Before these models 
can be widely recognized as useful tools, extensive experimental and theoretical studies 
are needed.  
Detailed analyses of fluorescence induction kinetics and spectrophotometry 
with high time resolution using improved measuring systems are direct ways to clarify 
mechanisms for thermal dissipation.  Alternative promising approach seems to be 
studies with photosynthetic mutants. At present, we estimate daily changes in energy 
allocation in PSII by Hendrickson model in psbS-deficient rice under natural light 
conditions. The preliminary results show that integrated ΦNPQ over an entire day is 
significantly higher in the psb-S deficient rice than in the wild type, although steady state 
ΦNPQ is in the same level in both genotypes. These results show an importance of PsbS 
under fluctuating light conditions. This might be a molecular basis of the declined growth 
of npq4 (psbS-deficinet) mutant of Arabidopsis [51, 52]. To obtain more insights for 
molecular identities of the quantum yield parameters, we need to use other 
photosynthesis mutants.  
Field use of energy allocation analysis in PSII using chlorophyll fluorescence 
shown here can be a convenient nondestructive way to know diurnal and seasonal 
 13 
changes in photosynthetic potential in PSII. For further improvements of this type of 
analysis to get more generalized vision for canopy photosynthesis, multipoint 
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Legends for figures 
Fig. 1 Energy allocation at PSII. The light energy absorbed at PSII was either used for 
photosynthetic electron transport or dissipated as heat and chlorophyll fluorescence. 
The relation between the use and loss of the energy is shown on the basis of quantum 
yields (left panel) and energy flux (right panel). The energy flux to electron transport 
(electron transport rate, ETR) is calculated as ΦII x PAR x α.  Similarly, the flux of 
energy dissipation is calculated as (1 - ΦII) x PAR x α.  
 
Fig. 2 Seasonal changes in allocation of the energy flux in PSII calculated from the data 
set in 2010 shown in Table 1 of [43]. Data are the averages of integrated values over an 
entire day during the corresponding seasons. In July/August, leaves accept 
sub-saturating light over a wide area, and use most of the accepted energy for electron 
transport. In September, leaves accept saturating light over a limited area, and lose a 
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Table 1 Estimated energy allocation under 
saturating light in rice plants grown in a growth 
chamber 
Estimation with Demmig-Adams model 
<1>11 10% 
Total <l>E 30% 
dissipation 
<l>o <l>NPQ <l>IPsbS 30% 
<l>QU little 
<J>A 30% 
Estimation with Hendrickson model 
<1>11 10% 
Total <J>f D 30% 
I 
dissipation 
<l>NPQ <l>PsbS 50% 
<l>QU 10% 
